Abstract-A novel one-port probe technique, which combines the measurements of a rectangular waveguide and coaxial probe to nondestructively yield the permittivity and permeability of a PEC-backed material, is presented. A brief description of the derivation of the theoretical probe reflection coefficients, necessary for permittivity and permeability extraction via numerical inversion, is provided. Experimental characterization results of a PEC-backed magnetic material are presented to validate the proposed approach. Error analysis is also undertaken to quantify the new technique's sensitivity to common experimental errors.
M
UCH effort has been devoted to developing radio-frequency waveguide probes for nondestructive inspection/evaluation (NDI/NDE) applications. While some two-port devices have been developed, much of the published waveguide probe research deals with one-port or single-probe geometries due to their more widespread applicability in NDE. Common single-probe types include coaxial and rectangular waveguide (RWG). Single waveguide probes are very well suited for nondestructively determining the relative complex permittivity of a material under test (MUT); however, because they lack a second independent measurement, they suffer when one also desires the MUT's relative complex permeability . Several researchers have developed techniques to provide a second reflection measurement, so that a single probe can be used to unambiguously determine and . These techniques include two-thickness [1] , two-layer [2] - [4] , frequency-varying [5] , short/free-space-backed [2] , [6] , and two-iris methods [7] . Of these methods, two-layer and two-iris methods are the most applicable to ND characterization of dispersive PEC-backed magnetic materials. Unfortunately, as shown by Dester et al. [3], [7] , these techniques do not provide a sufficiently "different" second measurement; thus, the inverse problems of these techniques are not well posed.
In this letter, a new single-probe technique to unambiguously determine and of a dispersive PEC-backed magnetic MUT is presented. The new technique combines the reflection measurements of a RWG probe with those of a coaxial probe. Because the MUT is interrogated with two different field sets in the new technique (i.e., predominately fields for the RWG probe and fields for the coaxial probe), two independent measurements are obtained resulting in a well-posed inverse problem for and . Fig. 1 depicts the RWG and coaxial probe measurement geometries which comprise the proposed method.
In the next section, the new single-probe technique is theoretically developed. This involves the derivations of the theoretical reflection coefficients for the RWG and coaxial probes, viz., and , respectively. Since the details of these derivations can be found in the cited references, only the pertinent information is provided in Section II. Section III validates the proposed single-probe method experimentally by presenting characterization results of a lossy magnetic material. The and returned by the new method are compared to those returned by the traditional transmission/reflection (TR) RWG method. Error analysis is also undertaken to quantify the new technique's sensitivity to measured , MUT thickness, and flange-plate thickness uncertainties. Lastly, this letter is concluded with a summary of the work presented. the probes depicted in Fig. 1 . The fields in the RWG region consist of a forward-traveling rectangular waveguide mode (the incident field) combined with a weighted sum of backward-traveling and modes. The unknown complex weights correspond to the modal theoretical reflection coefficients. The coefficient which corresponds to the reflected mode is the desired . Note that because of the symmetry of the incident field and the measurement geometry, only rectangular waveguide modes with and are excited at the RWG probe aperture. It has been shown that of this subset of modes, the and are the most significant [8] . Thus, only these modes are considered here.
The fields in the coax region consist of a forward-traveling TEM mode (the incident field and equivalent to a coax mode) combined with a weighted sum of backward-traveling coax modes. As is the case in the RWG region, the unknown complex weights are the modal theoretical reflection coefficients, with the weight corresponding to the reflected mode being the desired . Because of the symmetry of the incident TEM mode and the measurement geometry, only -invariant coax modes, namely, modes, are excited at the probe aperture.
The parallel-plate magnetic fields are found by applying Love's equivalence theorem to replace the probe apertures with equivalent magnetic currents, and . Convolving and with the dyadic magnetic-current-excited parallel-plate Green's function leads to parallel-plate relations.
Enforcing the continuity of transverse across the RWG and coaxial probe apertures results in two magnetic field integral equations (MFIEs) (1) Here, are the modal transverse distributions, , is the wavenumber in the MUT, is the angular frequency, and denotes the area of the applicable aperture. The unknowns in (1) are ; ; the RWG and modal reflection coefficients, i.e., and ; and the coax modal reflection coefficients, i.e., . The MFIEs in (1) are solved using the Method of Moments, where and are expanded using the transverse electric field distributions in the RWG and coax regions, respectively. After expansion, the resulting MFIEs are tested using the transverse in the RWG and coax regions, respectively. This process yields two matrix equations, which are easily inverted to find the RWG and coax modal reflection coefficients. Of these, and are required. 
III. EXPERIMENTAL VERIFICATION
To validate the proposed single-probe technique, material characterization measurements were made at X-band (8.2-12.4 GHz) of ECCOSORB SF-3-a lossy silicon-based magnetic material thick-using an Agilent E8362B PNA. The RWG probe consisted of a WR90 RWG connected via screws to a locally machined 15.24 cm 15.24 cm 0.65 cm aluminum flange plate. Precision indexing pins were used to ensure good alignment between the RWG and machined flange-plate apertures. The coaxial probe consisted of a 7 mm connector hole flange receptacle connected via screws to a locally machined aluminum flange plate 15.24 cm in diameter and 0.65 cm thick. To minimize probe lift-off error [2] , locking pliers were used to ensure good contact between the probe flange plate, the MUT, and the PEC backing.
Before the MUT measurements were made, both the RWG and coaxial probes were calibrated using a thru-reflect-line (TRL) calibration. For the RWG probe, the TRL calibration was performed without the flange plate attached using a standard RWG shim. This placed the calibration plane at the RWG aperture. The calibration plane was then phase shifted to the desired location, i.e., the front face of the MUT, by (2) where . Here, is the free-space wavenumber, is the long dimension of the RWG aperture, and is the flange-plate thickness. For the coaxial probe, the TRL calibration was performed with the flange plate attached. A custom made line standard, 5.1 mm thick, was used in the calibration. A photograph of the pertinent components of the RWG and coaxial probes is shown in Fig. 2 .
The and of the MUT were found by minimizing the -norm of the difference between the theoretical and measured reflection coefficients using nonlinear least squares. For the traditional TR RWG method results presented below (included for comparison), the and of the MUT were found in the same manner as just described, however, all -parameters were used, viz., , , , and . The errors in and (i.e., and ) were estimated for both the single-probe and traditional TR RWG methods. For the proposed single-probe technique, and were computed considering uncertainties in measured reflection coefficients, MUT thickness, and flange-plate thickness. For the traditional TR RWG method, and were computed considering uncertainties in measured -parameters, MUT thickness, sample-holder length, sample position, and air-gap width (i.e., the possibility that the sample does not uniformly fill the RWG cross section). The -parameter uncertainties were obtained from the Agilent E8362B PNA manual. The MUT thickness, flange-plate thickness, sample-holder length, sample position, and air-gap width uncertainties were assumed to be . Note that the errors in and due to the presence of air gaps were computed using the expressions in [9] . The overall and were computed in the manner outlined in [10] . Fig. 3(a) and 3(b) show the SF-3 and results for the proposed method (blue traces) and the reference TR RWG results (dashed black traces). For the single-probe results, 5 modes were used to expand and and then subsequently test the resulting MFIEs. The bars on the traces represent and considering the measurement uncertainties detailed above. Overall, the results are quite good and validate the proposed approach. For the probe results, uncertainty in MUT thickness is generally the largest contributor to the and errors. The impact of MUT thickness uncertainty is especially evident in the error. In the case of the traditional TR RWG results, the possible existence of air gaps around the sample drives the and errors. This error source is responsible for the large uncertainty in .
IV. CONCLUSION
This letter presented a novel single-probe technique to nondestructively determine the and of a PEC-backed material. The new technique combined the measurements of a rectangular waveguide and coaxial probe to yield two independent interrogations of the MUT resulting in a well-posed inverse problem for and . A brief outline of the derivation of and was provided. Lastly, the new technique was experimentally validated on the magnetic material SF-3 by comparing the and returned by the new method to those obtained using the traditional TR RWG approach. Good agreement in results was observed between the proposed method and the destructive TR technique. Considering the successful laboratory experiments, the new single-probe technique presented here is ready to be tested on NDE of materials in the field.
